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ARTICLE

OPEN

Tuning magnetic conﬁnement of spin-triplet superconductivity
Wen-Chen Lin 1,7, Daniel J. Campbell1,7, Sheng Ran1,2,3, I-Lin Liu
Nicholas P. Butch 1,2 and Johnpierre Paglione 1,3,6 ✉

1,2,3

, Hyunsoo Kim

1

, Andriy H. Nevidomskyy4, David Graf

5

,

Electrical magnetoresistance and tunnel diode oscillator measurements were performed under external magnetic ﬁelds up to 41 T
applied along the crystallographic b axis (hard axis) of UTe2 as a function of temperature and applied pressures up to 18.8 kbar. In
this work, we track the ﬁeld-induced ﬁrst-order transition between superconducting and magnetic ﬁeld-polarized phases as a
function of applied pressure, showing suppression of the transition with increasing pressure until the demise of superconductivity
near 16 kbar and the appearance of a pressure-induced ferromagnetic-like ground state that is distinct from the ﬁeld-polarized
phase and stable at zero ﬁeld. Together with evidence for the evolution of a second superconducting phase and its upper critical
ﬁeld with pressure, we examine the conﬁnement of superconductivity by two orthogonal magnetic phases and the implications for
understanding the boundaries of triplet superconductivity.

1234567890():,;

npj Quantum Materials (2020)5:68 ; https://doi.org/10.1038/s41535-020-00270-w

INTRODUCTION
Previous work on uranium-based compounds, such as UGe2,
URhGe, and UCoGe, has unearthed a rich interplay between
superconductivity and ferromagnetism in this family of materials1,
with suggestions that ferromagnetic spin ﬂuctuations can act to
enhance pairing2. The recent discovery of superconductivity in
UTe2 has drawn strong attention owing to a fascinating list of
properties—including the absence of magnetic order at ambient
pressure3, Kondo correlations, and extremely high upper critical
ﬁelds4—that have led to proposals of spin-triplet pairing4–7, and a
chiral order parameter8,9.
In addition, at least two forms of re-entrant superconductivity
have been observed in high magnetic ﬁelds, including one that
extends the low-ﬁeld superconducting phase upon precise ﬁeld
alignment along the crystallographic b axis10, and an extreme
high-ﬁeld phase that onsets in pulsed magnetic ﬁelds above the
paramagnetic normal state at angles tilted away from the b axis11.
Applied pressure has also been shown to greatly increase the
superconducting critical temperature Tc in UTe212,13, from 1.6 K to
nearly double that value near 10 kbar, and to induce a second
superconducting phase above a few kbar13. Upon further pressure
increase, evidence of suppression of the Kondo energy scale leads
to an abrupt disappearance of superconductivity and a transition
to a ferromagnetic phase12. Together with the ambient pressure
magnetic ﬁeld-induced phenomena10,11,14,15, the axes of the
magnetic ﬁeld, temperature, and pressure provide for a very rich
and interesting phase space in this system. One of the key
questions is in regard to the ﬁeld-polarized (FP) phase that
appears to truncate superconductivity at 34.5 T under proper
b-axis ﬁeld alignment10,11, in particular regarding the nature of the
coupling of the two phases and whether superconductivity could
persist to even higher ﬁelds in the absence of the competing FP
phase. The relation between the FP phase and the pressureinduced magnetic phase, which also competes with superconductivity11, is similarly not yet fully understood.

In this work, we perform magnetoresistance (MR) and tunnel
diode oscillator (TDO) measurements under both high hydrostatic
pressures P and high magnetic ﬁelds H along the crystallographic
b axis to explore the (H, T, P) phase diagram. We ﬁnd that the FP
phase that interrupts superconductivity at ambient pressure is
strengthened with increasing pressure, so as to suppress the
transition ﬁeld until there is no trace of superconductivity down to
0.4 K above 16 kbar. At higher pressures, we ﬁnd evidence of a
distinct magnetic phase that appears to be ferromagnetic in
nature and is also bordered by the FP phase at ﬁnite ﬁelds.
Together with previous observations at ambient pressure, these
results suggest a spectrum of magnetic interactions in UTe2 and a
multifaceted ground state sensitive to several physical tuning
parameters.

RESULTS AND DISCUSSION
Experimental results
The magnetic ﬁeld response of electrical resistance R at low
pressures is similar to previous results at ambient pressure, which
showed that the superconducting state persists up to the FP
phase transition H* of nearly 35 T for H||b, and re-entrant behavior
can be observed near Tc for a slight misalignment of the ﬁeld10.
While it is not presently known why the b-axis alignment is crucial,
it is thought that alignment of the applied ﬁeld and ﬂuctuating
moments plays an important role10,11. As shown in Fig. 1a,
application of 4 kbar of pressure reduces the cut-off ﬁeld H* to
30 T at 0.38 K (Tc = 1.7 K without applied ﬁeld) but retains the very
sharp transition to the FP state, above which a negative MR
ensues. Upon temperature increase, a re-entrant feature emerges
below H* similar to the previous reports10 but only above about
1.3 K, indicating either nearly perfect alignment along the b axis or
reduced sensitivity to ﬁeld angle at ﬁnite pressures.
Upon further pressure increase, Tc increases as previously
shown12,13, up to 2.6 K and 2.8 K at 8.5 kbar and 14 kbar,
respectively. However, H* is continuously reduced through this
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Fig. 1 Magnetoresistance of UTe2 under applied pressures. Magnetoresistance of a UTe2 single crystal with current applied along
crystallographic a axis and magnetic ﬁelds applied along the b axis under applied pressures of (a) 4 kbar, (b) 8.5 kbar, (c) 14 kbar, and (d)
18.8 kbar. Inset of (a) shows a semilog plot of magnetoresistance at 4 kbar, highlighting re-entrant superconductivity. In panel (b), the applied
ﬁeld at the resistance peak (Hp) and the critical ﬁeld (Hc2) are labeled on the violet curve as an example. The cut-off ﬁeld (H*) at base
temperature is also labeled. Inset of (d) presents a zoom in the range where hysteresis is observed via distinct upsweep (solid lines) and
downsweep (dashed lines) curves.

range and changes in character. As shown in Fig. 1b and c, at
higher pressures H* and Hc2 dissociate, beginning as a single
sudden rise with a broadened peak (denoted Hp) in resistance at
0.4 K that becomes better-deﬁned upon increasing from lowest
temperature, before separating into two distinct transitions at
higher temperatures. Interestingly, the transition is the sharpest
when the Hc2 transition separates from H* and moves down in the
ﬁeld. Further, the coupled transitions slightly decrease in the ﬁeld
until about 2 K, above which the resistive Hc2 continues to
decrease while H* stalls (e.g., at about 12 T for 14 kbar) until
washing out above ~20 K. This indicates a strong coupling
between the two transitions that is weakened both on pressure
increase and temperature increase, despite the ﬁrst-order nature
of the FP phase. At 18.8 kbar, shown in Fig. 1d, where no
superconducting phase is observed down to 0.37 K, the sharp
feature associated with H* is gone, and only a broad maximum in
R remains near 8 T. Around this feature, we observed hysteresis
loops at low temperature as shown in the inset (see Supplementary Fig. 6 for hysteresis loops under both positive and negative
ﬁelds). Together with the evidence from previous pressure
experiments identifying similar hysteretic behavior12, we believe
there is a ferromagnetic-like ground state that evolves from zero
temperature and zero magnetic ﬁeld, and, similar to superconductivity at lower pressures, is truncated by the FP phase and
therefore distinct from that ground state. The crossover from the
FM-like ground state to the FP phase is also supported by the drop
of resistance at around 10 T.
npj Quantum Materials (2020) 68

Figure 2 presents the frequency variation Δf in the TDO signal,
where a minus sign has been applied to the frequency following
convention. The frequency variations reﬂect the changes in
magnetic susceptibility and therefore are sensitive to the
anomalies that cannot be captured through transport measurements in the zero-resistance regime. In addition to a sharp rise in
Δf at H*, which corresponds to a diamagnetic to paramagnetic
transition, and changes in slope consistent with the re-entrant
behavior mentioned above (see Supplementary Fig. 4), there is
another feature in the 4 kbar data within the superconducting
state observable at lower ﬁelds. At temperatures below 1 K, Δf
initially increases with ﬁeld before abruptly transitioning to a
constant above a characteristic ﬁeld Hc2(2), and ﬁnally jumping at
the H* transition. As the temperature is increased, Hc2(2) decreases
in ﬁeld value until it vanishes above Tc, tracing out an apparent
phase boundary within the superconducting state. As shown in
Fig. 3, the path of Hc2(2) merges with the zero-ﬁeld critical
temperature of the second superconducting phase “SC2” discovered by ac calorimetry measurements13. As shown in Fig. 3a,
these data identify SC2 as having a distinct Hc2(T)-phase boundary
from the higher-Tc “SC1” phase, with a zero-temperature upper
critical ﬁeld of ~11 T at 4 kbar. Upon further pressure increase, the
Hc2(2) transition is suppressed in ﬁeld, tracing out a reduced SC2
phase boundary (see Supplementary Fig. 3) that is absent by
14 kbar. In essence, it appears that the SC2 phase is suppressed
more rapidly than the SC1 phase, which will provide insight into
the distinction between each phase16.
Published in partnership with Nanjing University
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Fig. 2 Field evolution of magnetic susceptibility of UTe2 under
applied pressures. Tunnel diode oscillator (TDO) frequency variation of UTe2 single crystal as a function of magnetic ﬁelds applied
along the crystallographic b axis, under applied pressures of
(a) 4 kbar and (b) 18.8 kbar. Transitions involving the
SC2 superconducting phase are labeled as Hc2(2) in panel (a), and
crossovers to the ﬁeld-polarized phases (see text) labeled as HFP in
panel (b). All curves are vertically shifted for presentation.

In contrast to the abrupt increase of Δf upon crossing H* into
the FP phase at lower pressures, the TDO signal exhibits a
qualitatively different response in the high-pressure regime where
superconductivity is completely suppressed. As shown in Fig. 2b,
at 18.8 kbar Δf is almost ﬁeld independent on increasing ﬁelds at
0.37 K until an abrupt drop occurs near 12 T. This drop reﬂects the
decrease of skin depth, which can be conﬁrmed by comparing
with the decrease of resistance in our transport results. However,
at slightly higher ﬁelds, we observe a small peak in Δf that does
not match any observable feature in transport measurements. This
peak suggests a metamagnetic transition at HFP (=15.5 T at 0.37 K),
indicating a crossover toward the FP phase.
Phase diagrams and GL theory
Compiling this data, we summarize the observed features and
phase boundaries in both resistance and TDO measurements in
Fig. 3. We identify ﬁve phases: two superconducting phases
(labeled SC1 and SC2), the normal phase (labeled N), the FP phase,
and the FM phase, which is only observed at 18.8 kbar. The
ﬁrst three phase diagrams (4, 8.5, and 14 kbar) show a smooth
growth of the FP phase with pressure and the emergence of a
more conventional (i.e., rounded) H–T boundary of the
SC1 superconducting phase. In fact, the observable evolution of
Hc2(T) at 8.5 and 14 kbar indicates a putative Hc2(0) critical point
that would end within the FP phase were it not cut off by H*.
Published in partnership with Nanjing University

We estimate these ﬁelds to be 72 T and 55 T for 8.5 kbar and
14 kbar, respectively (see Supplementary Fig. 5). In this pressure
range, where the putative Hc2(0) scale becomes comparable to
the FP scale H*, there are clear indications of an inﬂuence on the
shape of the FP transition as noted above, despite its ﬁrst-order
nature (cf. hysteresis observed at base temperature shown in
Fig. 3a, inset). Tracking the resistance peak Hp to ﬁelds above H*
traces a nonmonotonic curve that, when below Tc, mimics the
extension of Hc2(T) of the SC1 phase, again suggesting an intimate
correlation between the two phases. This is corroborated by
the fact that at 18.8 kbar, when superconductivity is completely
suppressed, the onset of the FP phase shows a more conventional
monotonic evolution with increasing ﬁeld and temperature.
In an effort to explain the qualitative features of the phase
diagram, we consider the phenomenological Ginzburg–Landau
(GL) theory describing the superconducting order parameter
η. For simplicity, we shall consider η to be single-component,
relegating to the Supplementary Note the consideration of a
multi-component order parameter proposed theoretically for
UTe216,17 and corroborated by the recent speciﬁc heat measurements16. The free energy consists of three parts: F = Fsc[η] +
Fm[M] + Fc[η, M], with the ﬁrst term describing the superconducting order parameter in the applied ﬁeld18:
β
B2
(1)
F sc ½η ¼ αðTÞjηj2 þ jηj4 þ K ij ðDi ηÞ ðDj ηÞ þ ;
8π
2
with Di ¼ i∇i þ Φ2π0 Ai denoting the covariant derivative in terms
of the vector potential A and Φ0 = hc/2e the quantum of the
magnetic ﬂux, where Kij =diag{Kx, Ky, Kz} is the effective mass
¼ 2mi . The simplest way,
tensor in the orthorhombic crystal, K 1
i
in which the superconducting order parameter couples to the
ﬁeld-induced microscopic magnetization M, is via the biquadratic
interaction Fc = gM2∣η∣2, where the internal magnetic ﬁeld B/μ0 =
M + H. The metamagnetic transition is described by the Landau
theory of magnetization with a negative quartic term (u, v > 0):
M2
u
v
(2)
þ M4  M6  H  M:
6
2χðP; TÞ 4
^ and hence A = (Hz, 0, 0), we minimize the GL
Taking the ﬁeld Hjjb,
free energy to obtain the linearized gap equation of the form


d2 η
2πH 2 2
ðT c  TÞ
(3)
z η  α0
η þ gM2 η ¼ 0;
K z 2 þ K x
dz
Φ0
Tc
F m ½M ¼

resulting in the eigenvalue spectrum similar to the problem of
Landau levels for a particle in magnetic ﬁeld19:




1
Tc  T
¼ α0
_ωc n þ
 gM2 ðTÞ;
(4)
2
Tc
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
with the cyclotron frequency given by ωc ¼ 2eH K x K z /c. The
0
upper critical ﬁeld Hc2 ðTÞ is then determined from the lowest
eigenvalue above:


Tc  T
g
0
Hc2
ðTÞ ¼ H0
 M2 ðHc2 Þ ;
(5)
Tc
α0

c2 
where H0 ¼ T c dH
dT T c is related to the slope of Hc2 at Tc in the
_
absence of magnetization and α0 ¼ 2mξ
is expressed in terms of
0
the correlation length. The upshot of Eq. (5) is that the upper
critical ﬁeld is reduced from its bare value by the presence of the
magnetization M. The latter is a function of the magnetic ﬁeld, M
(H), to be determined from Eq. (2), and while its value depends on
the phenomenological coefﬁcients of the Landau theory, qualitatively, the metamagnetic transition results in a sudden increase of
M at H* (by ΔM ≈ 0.6 μB at H* = 34 T at ambient pressure10). This
then drives H0c2 down according to Eq. (5) and pins the upper
critical ﬁeld at the metamagnetic transition, explaining the sudden
disappearance of superconductivity at the ﬁeld H* that marks the
2
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Fig. 3 Pressure evolution of magnetic ﬁeld–temperature phase diagram of UTe2. Evolution of the magnetic ﬁeld–temperature phase
diagram of UTe2 as a function of pressure for ﬁelds applied along the crystallographic b axis, with phase boundaries of superconducting (SC1
and SC2), normal (N), ﬁeld-polarized (FP), and ferromagnetic (FM) phases determined by resistance and tunnel diode oscillator (TDO) data, and
concomitant variations in resistance shown by background color contours. The inset of panel (a) shows the upsweep and downsweep of
magnetoresistance around the metamagnetic transition. In panels (a–c), the cyan circles indicate the Tc transition into the
SC1 superconducting phase obtained by ﬁeld sweeps that are determined by zero-resistance criteria, and the green triangles label the
position Hp of the peak in magnetoresistance. Yellow squares in panels (a, b) indicate critical ﬁeld Hc2(2) of the superconducting phase SC2
based on TDO measurements (cf. Fig. 2a), with pink diamonds indicating critical temperature Tc(2) obtained from ref. 13. In panel (d), the purple
downward triangles label the crossover to the ﬁeld-polarized state HFP identiﬁed in TDO measurements (cf. Fig. 2b) while the blue rightward
triangles label the demise of hysteresis Hhy in transport measurements. The black star identiﬁes the transition TM observed in the resistance
temperature dependence (panel d, inset) while the red pentagon indicates the same transition measured in ref. 13.

onset of the FP phase in Fig. 4c. Note that the above analysis
focuses on the orbital effect of the applied magnetic ﬁeld, since SC
in UTe2 is not Pauli-limited, presumably due to the equal-spin
pairing nature of the pairing17.
It is worth discussing the value of Hc2, which is of the order Hc2
~ 30 T at low T and ambient pressure, much higher than would
normally be inferred from Tc ~ 2 K. While the analysis of the
linearized GL equation above only applies in the vicinity of Tc and
cannot, strictly speaking, be used to infer the value of Hc2(0) at
zero temperature, the celebrated Werthamer–Helfand–Hohenberg
theory20 establishes a proportionality between the value of Hc2(0)
and the value H0 in Eq. (5). We shall therefore use
H0 ¼

Φ0
α0
Φ0
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
α0 m  ;
2π_2 K x K z 2π_2

(6)

as a proxy for the upper critical ﬁeld Hc2(0) (Φ0 = hc/2e is the ﬂux
quantum). We see that
theﬃ role of the effective mass is played by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m ¼ ðK x K z Þ1=2 / ma mc and this helps explain the high
observed value of Hc2 in UTe2, as we show below. The key point
is the quasi-two-dimensional nature of the Fermi surface sheets
parallel to the c-axis, established by ARPES21 and ab initio
npj Quantum Materials (2020) 68

calculations17,22, which can be approximated by writing the
dispersion as


_2 
π 2 
π 2
(7)
εk ¼
 2T c cosðk c dÞ  μ;
ka 
þ kb 
a
b
2mab
where we have taken the in-plane mass to be isotropic for
simplicity: ma = mb = mab, and Tc denotes the interlayer hopping
strength along the c axis (d is the unit cell height). It follows that
the carrier mass along kc can be approximated by mc = h2/(2Tcd2),
whichq
inﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
turn means that the effective mass entering Eq. (6),

m / mab =ðT c d 2 Þ. Smaller magnitude of the interlayer hopping
Tc thus results in a higher value of H0 in Eqs. (5) and (6). A more
rigorous treatment based on the Green’s function formalism
reaches a qualitatively similar conclusion: Hc2(0) ∝ 1/Tc23, thus
explaining the high values of Hc2 in UTe2 due to the quasi-twodimensional nature of the Fermi surfaces. The key ﬁnding of the
present study is that Hc2 is in fact limited from above by the
metamagnetic transition at ﬁeld H*, showcased by Eq. (5).
Focusing on the evolution of the ground state of UTe2 with ﬁeld
and pressure (i.e., at our base temperature of ~0.4 K), we present
Published in partnership with Nanjing University
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Fig. 4 Ground-state phase diagram of UTe2 under applied ﬁeld
and pressure. Ground-state evolution of superconducting (SC1 and
SC2), ﬁeld-polarized (FP), and ferromagnetic (FM) phases in UTe2 as a
function of applied pressure and magnetic ﬁeld applied along the
crystallographic b axis. Panels (a) and (b) present resistance and
tunnel diode oscillator (TDO) frequency variation, respectively, as
functions of applied ﬁeld at a ﬁxed base temperature of the
measurements. Both upsweeps (solid lines) and downsweeps
(dashed lines) are plotted, indicating notable hysteresis. Note that
in (b), all data are measured by a standard low-temperature-tuned
TDO circuit, while the 15.3 kbar data were obtained using a room
temperature-tuned circuit, and is therefore vertically scaled by a
factor of 22 for comparison (see Supplementary Figs. 2 and 3c for
more 15.3 kbar data). The resultant phase diagram at base
temperature is presented in panel (c), where the phase boundary
between SC1 and FP phases is determined by midpoints of
resistance transitions (black circles, using an average of upsweep
and downsweep curves) and TDO transitions (red triangles), with
error bars indicating the width of transitions. Brown squares indicate
the phase boundary of SC2 based on kinks in TDO frequency, and
green diamonds indicate the magnetic transition determined from
the resistance measurements. The blue upside-down triangle labels
the critical pressure (Pc) where the superconductivity demises. Zeropressure and zero-ﬁeld data points are obtained from refs. 11,13,
respectively. All lines are guides to the eye.

summary plots of the resistance and TDO data as well as the
ground-state ﬁeld–pressure phase diagram in Fig. 4. As shown, the
ﬁeld boundaries of both SC1 and SC2 superconducting phases
decrease monotonically with increasing pressure. However, we
point out that, while the boundary of SC2 appears to be an
uninterrupted upper critical ﬁeld, that of SC1 is in fact the cut-off
ﬁeld H*. It follows from Eq. (5) that this cut-off ﬁeld is reduced
compared to the putative Hc2, which would lie at higher ﬁelds if it
were derived from an orbital-limited model without taking
metamagnetic transition into account.
While the Tc of SC1 increases with pressure, the cutoff imposed
by H* introduces difﬁculty in determining whether its putative Hc2
would also ﬁrst increase with pressure. On the contrary, the
unobstructed view of Hc2 for SC2 shows a decrease with
increasing pressure that is indeed consistent with the suggested
decrease of the lower Tc transition observed in zero-ﬁeld speciﬁc
heat measurements13.
Published in partnership with Nanjing University

Between 15.3 and 18.8 kbar, the H* cutoff is completely
suppressed and the FM phase onsets. While it is difﬁcult to obtain
a continuous measure of the pressure evolution through that
transition, the hysteresis in transport measurements is consistent
with the low-ﬁeld FM phase being the true magnetic ground state
of the system, separate from the FP phase. The crossover toward
the FP phase under ﬁeld is entirely natural from the Landau theory
perspective, since the external magnetic ﬁeld is conjugate to the
FM order parameter M in Eq. (2), and the metamagnetic crossover
at ﬁeld HM leads to a step-like increase in the magnetization,
resulting in a small peak in TDO results.
This crossover boundary between the FM and FP phases
appears much less sensitive to pressure for P > Pc, as evidenced by
the minimal change in ﬁeld value between 18.1 and 18.8 kbar.
Because the experimental pressure cannot be tuned continuously,
it is difﬁcult to extract the behavior of the crossover boundary at
Pc. However, the previously observed discontinuity between the
FM and SC1 phases as a function of pressure12 suggests that the
FP phase should extend down to zero ﬁeld at a critical point of
Pc ~ 17 kbar, exactly where previous zero-ﬁeld work has shown an
abrupt cutoff of Tc and the onset of a non-superconducting
phase13. This is different from the case of uranium-based
ferromagnetic superconductors (UGe2, URhGe, UCoGe), where
the superconductivity coexists with ferromagnetism. The distinctive behavior of UTe2 is likely owing to a unique nature of its spin
ﬂuctuation spectrum, which may also beneﬁt from reduced
dimensions at high ﬁelds23. In any case, as a nearly ferromagnetic
superconductor, UTe2 provides a unique platform for future
investigation of the interplay between superconductivity and
magnetic phases.
In summary, we have explored the pressure evolution of
multiple superconducting and multiple magnetic phases of UTe2
as a function of applied pressures and magnetic ﬁelds applied
along the crystallographic b axis, where superconductivity is
known to extend to the highest ﬁelds. The ﬁeld-induced
metamagnetic transition results in a ﬁeld-polarized phase which
cuts off superconductivity prematurely, as explained by a
phenomenological Ginzburg–Landau theory. Under increasing
pressure, the superconducting phase eventually becomes completely suppressed, at the critical pressure where we observe an
onset of a distinct ferromagnetic-like ground state.
METHODS
Measurements
Single crystals of UTe2 were synthesized by the chemical vapor transport
method as described previously4. The crystal structure of UTe2 is
orthorhombic and centrosymmetric, and the magnetic easy axis is the a
axis. Experimental measurements were conducted at the DC Field Facility
of the National High Magnetic Field Laboratory (NHMFL) in Tallahassee,
Florida, using a 41 T resistive magnet with a helium-3 cryostat. Resistance
and magnetic susceptibility measurements were performed simultaneously on two individual samples from the same batch positioned in a
non-magnetic piston-cylinder pressure cell. The pressure medium was
Daphne 7575 oil, and the pressure was calibrated at low temperatures by
measuring the ﬂuorescence wavelength of ruby, which has a known
temperature and pressure dependence24,25. The TDO technique uses an
LC oscillator circuit biased by a tunnel diode whose resonant frequency is
determined by the values of LC components, with the inductance L given
by a coil that contains the sample under study; the change of its magnetic
properties results in a change in resonant frequency proportional to the
magnetic susceptibility of the sample. Although not quantitative, the TDO
measurement is indeed sensitive to the sample’s magnetic response
within the superconducting state where the sample resistance is zero26–28.
Both the current direction for the standard four-wire resistance
measurements and the probing ﬁeld generated by the TDO coil are
along the crystallographic a axis (easy axis). The applied dc magnetic ﬁeld
was applied along the b axis (hard axis) for both samples (see
Supplementary Fig. 1).
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The data that support the ﬁndings of this study are available from the corresponding
author upon reasonable request.
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